Comparison of subunit AddA of the Bacillus subtilis AddAB enzyme, subunit RecB of the Escherichia coli RecBCD enzyme, and subunit RecB of the Haemophilus influenzae RecBCD enzyme revealed several regions of homology. Whereas the first seven regions are common among helicases, the two C-terminally located regions are unique for RecB of E. coli and H. influenzae and AddA. Deletion of the C-terminal region resulted in the production of an enzyme which showed moderately impaired levels of ATP-dependent helicase activity, whereas the ATP-dependent exonuclease activity was completely destroyed. The mutant enzyme was almost completely capable of complementing E. coli recBCD and B. subtilis addAB strains with respect to DNA repair and homologous recombination. These results strongly suggest that at least part of the C-terminal region of the AddA protein is indispensable for exonuclease activity and that, in contrast to the exonuclease activity, the helicase activity of the addAB gene product is important for DNA repair and homologous recombination.
The Bacillus subtilis AddAB enzyme is involved in DNA repair and homologous recombination (19) . The B. subtilis AddAB complex is the functional equivalent of the Escherichia coli RecBCD enzyme (17) . Insertion mutations in the addAB genes led to significantly reduced transformation frequencies with chromosomal DNA, cell viability, and the capacity to repair DNA damage inflicted by UV irradiation or mitomycin treatment (19) .
The AddAB enzyme, consisting of the two subunits AddA and AddB with molecular masses of 141 and 135 kDa (18) , respectively, is a multifunctional enzyme possessing ATP-dependent double-stranded DNA exonuclease, double-stranded DNA-dependent ATPase (5), ATP-dependent helicase (25) , ATP-dependent single-stranded DNA exonuclease, singlestranded DNA-dependent ATPase, and ATP-dependent endonuclease (11) activities.
Sequencing of the addAB genes revealed two open reading frames with a limited overlap (18) , which constitute an operon structure (11) . Expression studies showed that the transcription of addAB increased significantly during the development of competence (10) . The competence-specific induction of addAB is dependent on the gene product of comK (10) , the competence transcription factor (29) .
No extended amino acid sequence similarity between the RecBCD enzymes of E. coli and Haemophilus influenzae and the AddAB enzymes of B. subtilis exists. However, the subunits RecB of H. influenzae and E. coli and AddA share nine regions of sequence similarity (Fig. 1) . Regions 1 and 2 of group I are believed to be involved in ATP binding (14, 18) . The regions listed in group II are conserved boxes among a variety of helicases (e.g., DNA helicase PcrA of Staphylococcus aureus [15] ; RecB [8] and MutB [31] of H. influenzae; and UvrD [6] , RecB [7] , and Rep helicase of E. coli [9] ). The group III regions are only found in the C-terminal part of AddA and RecB. To examine the function of the C-terminal part of AddA, a deletion comprising regions 8 and 9 was made, and its effects on viability, recombination after transformation with chromosomal DNA, bacteriophage PBS1-mediated transduction, and the capacity to repair DNA damage, as well as its effects on the ATP-dependent helicase and exonuclease activities, were determined. The results show that the C-terminal regions of AddA are required for the exonuclease activity but not for the helicase activity of the enzyme.
MATERIALS AND METHODS
Strains and plasmids. The bacterial strains and plasmids used are listed in Table 1 . Plasmid pIN90 was constructed as follows. From plasmid pIN88 (12), the 7.4-kb SalI-BglII fragment encoding AddB and AddA, with the C-terminal 91 amino acids (including regions 8 and 9 [ Fig. 2] ) deleted, were isolated. This fragment was ligated into pIN5 (12) , the amyE gene replacement vector, resulting in plasmid pIN90. The AddA subunit is truncated at the isoleucine residue at position 1121 (for the amino acid sequence, see reference 18). Because of the cloning strategy, a new histidine residue was introduced at position 1122, which was followed by a stop codon, as verified by sequencing. Plasmid pIN90 was linearized with ScaI and used to transform B. subtilis 8GK0. Transformants were selected on the basis of their Tc r and amy genotype. The correct genetic structure of the replacement recombinations was checked by Southern hybridization. The replacement recombination with plasmid pIN90 into the amyE locus of B. subtilis 8GK0 (addAB) resulted in B. subtilis 8GK06. The antibiotic concentrations used for selection of the transformants were 50 g/ml for kanamycin, 6 g/ml for tetracycline, and 100 g/ml for ampicillin. E. coli MC1000 was used as a cloning host for the construction of the plasmid described. General DNA technology methods were used according to Sambrook et al. (24) .
Southern hybridization. After electrophoresis in agarose gels (0.8%), the DNA was transferred to a Gene Screen Plus membrane (Dupont, NEN Research Products, Dreieich, Germany) by the protocol of Southern, as modified by Chomczynski and Qasba (4) . DNA was labeled with digoxigenin-dUTP with the Nonradioactive DNA Labelling and Detection Kit (Boehringer, Mannheim, Germany) and subsequently was denatured by being heated for 10 min at 100ЊC. The hybridization and staining steps were carried out according to the manufacturer's recommendations.
Media. B. subtilis minimal medium consisted of Spizizen minimal salts (27) supplemented with glucose (0.5%) and casein hydrolysate (0.02%; Difco Laboratories, Detroit, Mich.). Amino acids, nucleotides (20 g of each per ml), or vitamins (0.4 g of each per ml) were added when required. TY medium and TY agar were prepared as described by Biswal et al. (1) . Amylase production was tested by growing colonies overnight on TY agar plates containing 1% starch and staining the plates with iodine or by checking halo formation (26) .
Chemicals and enzymes. The chemicals used were analytical grade and were obtained from Merck (Darmstadt, Germany) or BDH (Poole, United Kingdom). Restriction enzymes and T4 DNA ligase were used as recommended by the manufacturer (Boehringer or New England Biolabs, Beverly, Mass.). Mitomycin was obtained from Calbiochem (Germany). Western blot (immunoblot) analysis. The production of AddAB was assayed by Western blotting (28) . Crude cell extracts were prepared with a French press (Amicon) at 1,000 lb/in 2 . Nonsolubilized material was removed by centrifugation (14,000 rpm, 10 min, 0ЊC) in an Eppendorf centrifuge 5417. Equal amounts of protein (2.5 g) were run on a homogeneous 7.5% sodium dodecyl sulfatepolyacrylamide PhastGel with the PhastSystem (Pharmacia LKB Technology). Proteins were transferred to a nitrocellulose filter (BA 85; Schleicher & Schuell) by PhastTransfer (Pharmacia LKB Technology). AddAB production was monitored with specific antibodies directed against the AddA and AddB proteins (12), followed by visualization of the antigen-antibody complexes with alkaline phosphatase anti-rabbit immunoglobulin G conjugates (Protoblot, Western Blot AP System; Promega).
Assay of ATP-dependent exonuclease activity. Cultures (5 ml) of E. coli cells grown in TY broth to an A 600 of 1.0 were washed twice with 5 ml of 0.05 M Tris hydrochloride buffer (pH 8.0) containing 0.1 mM EDTA and 0.1 mM dithiothreitol, and the cells were resuspended in 1 ml of the same buffer. Cell lysates were prepared by using a French press (Amicon) at 1,000 lb/in 2 . Ten microliters of a 100-fold-diluted cell extract was added to 0.5 ml of a reaction mixture consisting of 0.1 M glycine-NaOH buffer (pH 9.2), 2.5 mM 2-mercaptoethanol, 0.05 M MgCl 2 , 0.4 mg of bovine serum albumin per ml, and 75 M ATP. Subsequently, 5 l of [ 3 H]DNA (40 g/ml; specific activity of 3 ϫ 10 5 cpm/g) isolated from B. subtilis 2G8 was added, and after incubation for 10 min at 40ЊC, the reaction was stopped by chilling on ice and the addition of 0.2 ml of calf thymus DNA solution (2 mg/ml) and 0.15 ml of trichloroacetic acid (50% [wt/ vol]). After 30 min at 0ЊC, the mixtures were centrifuged in an Eppendorf centrifuge for 10 min, and 0.6 ml of the supernatant was added to 5 ml of Hydroluma scintillation fluid. Radioactivity was counted for 5 min.
Assay of ATP-dependent helicase activity. Helicase activities were determined in cell extracts obtained as described for the assay of the ATP-dependent exonuclease activity. The reaction mixture for the determination of the helicase activity consisted of 50 mM glycylglycine-NaOH buffer (pH 7.0), 1 mM MgCl 2 , 0.1 M NaCl, 1 mM CaCl 2 , 1 mg of bovine serum albumin per ml, 0.67 mM dithiothreitol, 5 g of single-stranded-DNA-binding protein, and 0.1 mM ATP. Under these conditions, the enzyme did not show exonuclease activity, which was due to the presence of CaCl 2 and a low Mg 2ϩ concentration and not to pH 7.0 (Table 2 ). In the helicase reaction, 5 l of [ 3 H]DNA (specific activity, 3 ϫ 10 5 cpm/g of DNA) was added to 50 l of the buffer. The reaction was started by addition of 10 l of the cell extract (5 mg of protein per ml). After incubation for 5 min at 37ЊC, the reaction was stopped by being heated for 10 min at 65ЊC, at which temperature the enzyme was fully inactivated (Table 3) . To the reaction mixture, 200 l of an exonuclease I buffer, consisting of 67 mM glycine-NaOH buffer (pH 9.5), 10 mM 2-mercaptoethanol, and 6.7 mM MgCl 2 , and 3 U of exonuclease I (U.S. Biochemical Corp., Cleveland, Ohio) were added. No helicase activity was observed when exonuclease I was omitted from the exonuclease I reaction buffer (Table 3) . After incubation for 30 min at 37ЊC, the samples were chilled on ice, and then 200 l of a calf thymus DNA solution (2 mg/ml) and 300 l of trichloroacetic acid (15% [wt/vol]) were added. The samples were left on ice for 15 min and then centrifuged for 10 min at 12,000 cpm in an Eppendorf centrifuge 5417. Of the supernatant, 0.6 ml was added to 5 ml of scintillation fluid, and the radioactivity was counted for 5 min. Cell survival after UV irradiation. Cultures were grown in TY medium to an A 600 of 0. Recombination in conjugation. The conjugation experiments were performed as described by Kooistra et al. (17) .
Isolation of DNA. B. subtilis chromosomal DNA was purified as described by Venema et al. (30) . Plasmid DNA was isolated by the method of Ish-Horowicz and Burke (16) .
Competence and transformation. B. subtilis cells were made competent essentially as described by Bron and Venema (2) . E. coli cells were made competent and transformed by the method of Mandel and Higa (20) .
PBS1-mediated transduction. PBS1 transductions were performed as described by Hoch et al. (13) .
RESULTS
Deletion of regions 8 and 9 of subunit AddA. To delete regions 8 and 9 (Fig. 1) , a DNA fragment, including a region encoding the C-terminal 91 amino acids of AddA, was removed from an 8.8-kb SalI-SmaI fragment containing the addAB genes (Fig. 2) . The resulting 7.4-kb fragment, which contained the addB gene and the truncated subunit addA gene (designated addAt), was placed into replacement vector pIN5, resulting in pIN90. The presence of the mutant AddAB (AddAtB) protein was verified by Western blotting with E. coli V186 (recBCD), containing either pIN5 (lacking the addAB genes), pIN88 (addAB ϩ ), or pIN90. As expected, no bands corresponding to AddB (Fig. 3A; lane 1) and AddA ( Fig. 3B ; lane 1) were observed for E. coli V186 (pIN5), whereas specific bands corresponding to subunit AddB (130 kDa) were present in Fig. 3A , lanes 2 (AddAB) and 3 (AddAtB). Since the mutated subunit AddAt ( Fig. 3B ; lane 3) with a molecular mass of approximately 130 kDa migrated faster than the wild-type AddA (140 kDa) ( Fig. 2B ; lane 2) to the extent expected from the difference in molecular masses, the mutant enzyme was apparently of the correct size.
The C-terminal deletion abolishes the exonuclease but not the helicase activity. The effects of the truncation on the ATPdependent exonuclease and helicase activities were determined in E. coli V186 (recBCD), containing plasmid pIN5 (lacking the addAB genes), pIN88 (addAB ϩ ), and pIN90 (addAtB), respectively. Tables 2 and 3 show that the deletion of the 91 amino acids encompassing regions 8 and 9 had little effect on the ATP-dependent helicase activity (54% residual activity) but resulted in the complete loss of the ATP-dependent exonuclease activity. Thus, the C-terminal part of AddA is apparently required for the exonuclease activity but not for the helicase activity of the AddAB enzyme. To exclude the possibility that the absence of exonuclease activity of the mutant might be due to instability of the protein at pH 9.2, the helicase activities of the wild-type and mutant enzymes were also determined at pH 9.2. Table 3 shows that under these conditions, the AddAtB enzyme had approximately 40% residual helicase activity compared with the wild type, indicating that the AddAtB enzyme is not unstable at pH 9.2. The addAtB mutant can complement the E. coli recBCD mutation. The impaired ability of E. coli V186 (recBCD) in DNA repair after UV irradiation and recombination in conjugation can be complemented by the B. subtilis addAB genes to the same level as that of a wild-type E. coli strain (17) . To examine whether the mutant B. subtilis addAtB genes could restore the impaired ability of an E. coli recBCD deletion mutant to repair UV-damaged DNA, samples of logarithmically growing cultures (A 600 of approximately 0.5) were irradiated with UV light (254 nm), and cell survival was determined. The results presented in Fig. 4A show that the mutant addAtB genes restored the ability to repair UV damage almost as efficiently as the B. subtilis addAB genes [E. coli V186(pIN88)]. The results presented in Table 4 show that the mutant AddAtB enzyme complemented the recombination deficiency of the E. coli recBCD deletion mutant almost as efficiently as the B. subtilis AddAB enzyme. From these results, we conclude that the exonuclease activity of AddAB is not required for DNA repair and recombination in conjugation in E. coli.
The exonuclease activity of AddAB is not important for DNA repair in B. subtilis. Recently, we have shown that deletion of the addAB genes in a B. subtilis strain impaired the ability to repair DNA damage caused by UV irradiation (12) . To determine the effect of the C-terminal deletion of AddA on UV sensitivity, B. subtilis 8GK06 (addAtB) was constructed (see Materials and Methods). The expected structure of the B. subtilis strain was verified by Southern blotting (results not shown). To examine whether the exonuclease activity of AddAB was involved in DNA repair, strains 8GK01 (addAB), 8GK02 (addAB ϩ ), and 8GK06 (addAtB) were UV irradiated, and cell survival was determined. The results, presented in Fig.  4B , show that the addAtB deletion (strain 8GK06) only slightly impaired the ability to repair DNA damage after UV irradiation. This result was in contrast to the deletion of the addAB genes (strain 8GK01), which strongly affected the ability to repair DNA damage. These results indicate that the exonuclease activity of AddAB is not important for DNA repair after irradiation.
Viability, transformation, and transduction frequencies were only slightly affected by truncation of the AddA subunit. B. subtilis addAB deletion mutants exhibited reduced viability, recombination in transformation with chromosomal DNA (19) , and PBS1-mediated transduction (12) . The effect of the C-terminal deletion of AddA on viability, recombination, and transduction was determined. As shown in Table 5 , deletion of the C-terminal part of AddA had relatively small effects on viability, transformation with chromosomal DNA, and PBS1-mediated transduction. These results indicate that the exonu- cleolytic activity of AddAB is not important for these processes.
DISCUSSION
The B. subtilis AddAB enzyme, involved in homologous recombination and DNA repair (19) , is the functional analog of the E. coli RecBCD enzyme (17) . Although no extensive amino acid sequence similarity exists, subunits AddA and RecB share several regions of homology (Fig. 1) . Whereas regions 1 to 7 are commonly found in other helicases (6-9, 15, 31) , the Cterminal part shows two regions of homology, 8 and 9 ( Fig. 1) , which are unique for the RecB subunit of E. coli and H. influenzae and for the AddA subunit of B. subtilis. This report presents conclusive evidence that at least the 91-amino-acid C-terminal part of subunit AddA, comprising regions 8 and 9, is essential for the ATP-dependent exonuclease activity. In contrast, this deletion has only a moderate effect on the ATPdependent helicase activity. These results strongly suggest that regions 8 and 9 of subunit AddA are required for the exonuclease activity but not for the helicase activity of the AddAB enzyme. In E. coli, subunit RecD is indispensable for exonuclease activity but is not required for helicase activity (23) . However, on the basis of the amino acid sequence similarity, the present results suggest that the C-terminal parts of the RecB subunit of E. coli and H. influenzae are required for exonuclease activity.
Previously, we showed that an E. coli recBCD deletion can be fully complemented by the B. subtilis addAB genes with respect to viability, ability to repair UV-damaged DNA, and recombination in conjugation, but not with respect to chi activity (17) . To examine whether the exonuclease property of AddAB was required for these processes, the addAtB genes were introduced into an E. coli recBCD deletion strain, and the effects of the genes on recombination in conjugation and the ability to repair damaged DNA caused by UV irradiation were determined. The addAtB mutant complemented the E. coli recBCD deletion mutant almost as efficiently as the wild-type addAB genes, suggesting that the helicase rather than the exonuclease activity is essential for these processes. A similar phenotype was observed for an E. coli recD deletion mutant (23) which, like the addAtB strain, was exonuclease deficient and helicase proficient.
To study the effects in B. subtilis, the addAtB genes were introduced into the amyE locus via gene replacement as described earlier (12) . Results similar to those obtained with respect to the E. coli complementation studies were observed: the absence of the exonuclease activity of AddAtB hardly affected B. subtilis with respect to viability, recombination in transformation with chromosomal DNA, the ability to repair DNA damage caused by irradiation, and PBS1-mediated transduction.
Previously, it was found that a mutation in the ATP-binding site of subunit AddA resulted in a mutant protein which lacked exonuclease and helicase activities (12) . The mutant gene caused an AddAB Ϫ phenotype in B. subtilis with respect to DNA repair and homologous recombination (12) , suggesting that the exonuclease and/or helicase activity was essential for these processes. In the present paper, we demonstrate that the exonuclease activity is not important for these processes, whereas the helicase activity seems to be essential. a Viability is defined as the number of CFU per unit of A 600 , the transformation frequencies are defined as the number of trp ϩ transformants per total number of viable cells, corrected for DNA uptake as described by Mulder and Venema (22) , and the transduction frequencies are defined as the number of trp ϩ transductants per total number of viable cells. The results are the average of three experiments.
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